The low cycle fatigue (LCF) behaviors of cast duplex stainless steel (CDSS) thermally aged at different times were investigated under different strain amplitudes. The effects of thermal aging on the LCF lives of CDSS are closely related to the strain amplitude. At a low strain amplitude, the fatigue life of the material increases significantly after thermal aging, while the LCF life decreases with an increasing aging time at a high strain amplitude. After thermal aging at 400 • C for 10,000 h, the fatigue fracture morphologies of CDSS change from fatigue fringes to mixture features including fatigue fringes in austenite and cleavage cracks in ferrite. Severe plastic deformation in ferrite of the aged CDSS under a high strain amplitude causes the cleavage cracking of ferrite. The premature failure of ferrite accelerates the propagation of fatigue crack and shortens the fatigue life at a high strain amplitude.
Introduction
Cast duplex stainless steels (CDSSs) have excellent performances on mechanical properties, corrosion resistance, and weldability because of their dual phase microstructure of austenite and ferrite [1] [2] [3] . CDSS components are known to be sensitive to embrittlement after long-term thermal aging at moderate temperatures [4] [5] [6] [7] . Spinodal decomposition in ferrite of CDSS during thermal aging is widely regarded as the primary mechanism of embrittlement [8] [9] [10] [11] [12] . Earlier studies indicated that long-term thermal aging caused the degradation in mechanical properties, such as impact properties, hardness, and tensile properties [13] [14] [15] [16] . It was found that the impact toughness of CDSS decreased with an increasing aging time and the ductile-to-brittle transition in the impact fracture occurred after long-term thermal aging [17] . The ferrite hardness increased with the aging time, but the hardness in austenite had no obvious change [18, 19] . The tensile strength of CDSS was not strongly affected by thermal aging, but the plasticity had a significant decrease after long-term aging [20] .
Chen et al. reported that the low cycle fatigue (LCF) life of CDSS was prolonged at all strain amplitudes as thermal aging duration increases up to 6000 h at 400 • C [21] . However, Llanes et al. considered that the effects of thermal aging on the cyclic deformation mechanisms of a duplex stainless steel were strongly related to the plastic strain amplitude [22] . The investigation of fatigue crack initiation behavior in SAF 2205 DSS (aged at 475 • C for 100 h) indicated that the intersection of slip markings and phase boundaries were the triggering points of fatigue crack initiation [23] . Marrow et al. considered that the fatigue crack propagation in a thermally aged duplex is associated with the cleavage
Materials and Methods
The chemical composition of the studied CDSS was analyzed in accordance with the standard of ASTM E353-14 for chemical analysis methods and the result is listed in Table 1 . After centrifugal casting, the CDSS was solution treated at 1080 • C for 8 h and then quenched in water. The studied steel has the duplex phase microstructure: Ferrite (15%) + austenite (85%), as shown in Figure 1a . The specimen was mechanically polished and etched using a solution (5 g FeCl 3 + 100 mL HCl + 100 mL + CH 3 OH + 100 mL H 2 O) to distinguish ferrite from the austenite matrix. The CDSS specimens were thermally aged at 400 • C for 3000, 7000, and 10,000 h in order to investigate the influence of thermal aging on their LCF properties. The LCF tests were conducted using an MTS 809 axial torsion materials testing system (MTS, Eden Prairie, MN, USA) at room temperature in accordance with the standard of ASTM E606/E606M-12. The total strain control was used a triangular waveform with a strain ratio of R = −1 under different total strain ranges of 0.2%, 0.3%, 0.4%, 0.5%, and 0.6%. The cylindrical specimens with thread-button head were cut form the unaged and aged (at 400 • C for 3000, 7000, and 10,000 h) CDSS with a gauge length of 30 mm and diameter of 6.3 mm, as shown in Figure 1b . The engineering stress-strain curves of the unaged and aged (400 • C, 10,000 h) CDSS were shown in Figure 1c . The LCF tests were continued until the specimen fractured, whereby the life criterion was defined as the 30% drop of the tensile stress. The fracture surface morphologies of the fatigue specimens were observed in a scanning electron microscopy (SEM, ZEISS Supra 55, Oberkochen, Germany). The deformed microstructure of the fatigued specimen was observed by a transition electron microscopy (TEM, FEI Tecnai F30, Eindhoven, The Netherlands) operated at 300 kV. Marrow et al. considered that the fatigue crack propagation in a thermally aged duplex is associated with the cleavage of the age-hardened ferrite phase, initiated by deformation twinning [24] . The aim of this study is to clarify the effect of strain amplitude on the LCF behaviors and the damage mechanism of the aged CDSS under cyclic deformation. The CDSS specimens thermally aged at different times were adopted. The fatigue tests under different strain amplitudes were performed. The fatigue fracture morphologies and the deformed microstructures were also observed.
The chemical composition of the studied CDSS was analyzed in accordance with the standard of ASTM E353-14 for chemical analysis methods and the result is listed in Table 1 . After centrifugal casting, the CDSS was solution treated at 1080 °C for 8 h and then quenched in water. The studied steel has the duplex phase microstructure: Ferrite (15%) + austenite (85%), as shown in Figure 1a . The specimen was mechanically polished and etched using a solution (5g FeCl3 + 100 mL HCl + 100 mL + CH3OH + 100 mL H2O) to distinguish ferrite from the austenite matrix. The CDSS specimens were thermally aged at 400 °C for 3000, 7000, and 10,000 h in order to investigate the influence of thermal aging on their LCF properties. The LCF tests were conducted using an MTS 809 axial torsion materials testing system (MTS, Eden Prairie, MN, USA) at room temperature in accordance with the standard of ASTM E606/E606M-12. The total strain control was used a triangular waveform with a strain ratio of R = −1 under different total strain ranges of 0.2%, 0.3%, 0.4%, 0.5%, and 0.6%. The cylindrical specimens with thread-button head were cut form the unaged and aged (at 400 °C for 3000, 7000, and 10,000 h) CDSS with a gauge length of 30 mm and diameter of 6.3 mm, as shown in Figure 1b . The engineering stress-strain curves of the unaged and aged (400 °C, 10,000 h) CDSS were shown in Figure 1c . The LCF tests were continued until the specimen fractured, whereby the life criterion was defined as the 30% drop of the tensile stress. The fracture surface morphologies of the fatigue specimens were observed in a scanning electron microscopy (SEM, ZEISS Supra 55, Oberkochen, Germany). The deformed microstructure of the fatigued specimen was observed by a transition electron microscopy (TEM, FEI Tecnai F30, Eindhoven, The Netherlands) operated at 300 kV. 
Results and Discussions
The cycle stress response curves of the unaged and aged CDSS are shown in Figure 2 . The variation of the stress amplitude of the material under cyclic loading can be divided into four stages: (1) The cyclic hardening stage, where the stress amplitude rapidly rises to the maximum stress amplitude in the first few cycles; (2) the slow cyclic softening stage, where the material begins to soften once the maximum stress amplitude was reached; (3) the cyclic saturation stage, where the stress amplitudes stay unchanged with cycles; (4) the rapid softening stage, where the material softens and eventually fractures. The cyclic stress response characteristics of the unaged and aged materials were closely related to the strain amplitude. Under low strain amplitude, cyclic softening occurred after initial short cyclic hardening, followed by the cyclic saturation stage, which accounted for more than half of the total life. While the cyclic saturation stage was much shorter under high strain amplitude, the cycle softening stage accounted for more than half of the total life. Compared with the unaged materials, the degree of cyclic hardening and softening of the aged materials was more pronounced, and the proportion of the cycle hardening stage in the total life was higher. The values of both the maximum and saturated stress amplitudes of CDSS tested at high strain amplitude increased after thermal aging, while they had the opposite trend at low strain amplitude. The LCF lives of both the unaged and aged specimens gradually decreased with increasing strain amplitude from 0.2 to 0.6%. The effect of thermal aging on fatigue life was closely related to the strain amplitude. At low strain amplitudes, the fatigue life of the material increases significantly after thermal aging. Under the strain amplitude of 0.2%, the CDSS thermal aged at 400 • C for 10,000 h was still not broken after 80,000 cycles. At high strain amplitudes, the LCF life of the material decreased after thermal aging. Under the strain amplitude of 0.6%, the cyclic life of the aged CDSS reduced by 40% compared with the unaged CDSS.
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The values of both the maximum and saturated stress amplitudes of CDSS tested at high strain amplitude increased after thermal aging, while they had the opposite trend at low strain amplitude. The LCF lives of both the unaged and aged specimens gradually decreased with increasing strain amplitude from 0.2 to 0.6%. The effect of thermal aging on fatigue life was closely related to the strain amplitude. At low strain amplitudes, the fatigue life of the material increases significantly after thermal aging. Under the strain amplitude of 0.2%, the CDSS thermal aged at 400 °C for 10,000 h was still not broken after 80,000 cycles. At high strain amplitudes, the LCF life of the material decreased after thermal aging. Under the strain amplitude of 0.6%, the cyclic life of the aged CDSS reduced by 40% compared with the unaged CDSS. The Coffin-Manson model was used to fit the LCF experimental data at different aging states and Table 2 lists all the parameters. In accordance with the determined parameters, Figure 3a shows the variation of fatigue life with strain amplitude for the CDSS unaged and aged at 400 °C for 3000, 7000, and 10,000 h. For the same thermal aging state, the LCF life of the material decreased linearly with increasing strain amplitude. The stable hysteresis loops under 0.2 and 0.6% strain amplitudes (at half of the fatigue life) of specimens with different aging states are shown in Figure 3b . Under low strain amplitude, thermal aging has no significant effect on the stable hysteresis loop of both the unaged and aged CDSS. The area of the stable stress-strain hysteresis loop of the aged CDSS under high strain amplitude was larger than that of the unaged material. With the increase of aging time, the increasing energy per cycle under high strain amplitude accelerated the damage of material, resulting in the decrease of fatigue life. The Coffin-Manson model was used to fit the LCF experimental data at different aging states and Table 2 lists all the parameters. In accordance with the determined parameters, Figure 3a shows the variation of fatigue life with strain amplitude for the CDSS unaged and aged at 400 • C for 3000, 7000, and 10,000 h. For the same thermal aging state, the LCF life of the material decreased linearly with increasing strain amplitude. The stable hysteresis loops under 0.2 and 0.6% strain amplitudes (at half of the fatigue life) of specimens with different aging states are shown in Figure 3b . Under low strain amplitude, thermal aging has no significant effect on the stable hysteresis loop of both the unaged and aged CDSS. The area of the stable stress-strain hysteresis loop of the aged CDSS under high strain amplitude was larger than that of the unaged material. With the increase of aging time, the increasing energy per cycle under high strain amplitude accelerated the damage of material, resulting in the decrease of fatigue life. The fatigue fracture surfaces under all conditions in the present study include three regions: The crack initiation region, the fatigue crack growth region (with beach markings), and the rapid rupture region. Under low strain amplitude, only one crack origin forms on the fracture surface of the unaged and aged CDSS samples. While several sites of crack origin were observed on the surfaces of the unaged and aged samples under high strain amplitude. Dimple is the main feature of the rapid rupture region for all samples and some brittle fracture features were observed only on the surface of the aged sample under high strain amplitude. The difference in the fatigue fracture morphology caused by thermal aging and strain amplitude mainly occurred in the crack growth region. The morphologies of fatigue crack growth regions in the unaged and aged CDSS under 0.2 and 0.6% strain amplitudes are shown in Figure 4 . Both the ferritic and austenitic phases displayed fatigue fringes on the fatigue fracture surfaces of the fatigue crack growth regions in unaged CDSS under a strain amplitude of 0.2%, and the two phases could not be distinguished from each other. When the strain amplitude increased to 0.6%, the fatigue fringe spacing of the unaged CDSS significantly broadens. The fatigue fracture morphologies of CDSS after thermal aging for 10,000 h were significantly different from the unaged. The ferritic and austenitic phases on the fatigue fracture surface display different characteristics, and the fatigue fringes mainly appear in austenite. The fatigue fringes in the austenite of the aged CDSS under 0.6% strain amplitude were denser than those in the unaged material. Brittle cleavage characteristics and micro-cracks in ferrite were observed on the fracture surface of the aged CDSS under 0.6% strain amplitude. The micro-cracks in ferrite of the aged CDSS led to a significant decrease in fatigue life. The fatigue fracture surfaces under all conditions in the present study include three regions: The crack initiation region, the fatigue crack growth region (with beach markings), and the rapid rupture region. Under low strain amplitude, only one crack origin forms on the fracture surface of the unaged and aged CDSS samples. While several sites of crack origin were observed on the surfaces of the unaged and aged samples under high strain amplitude. Dimple is the main feature of the rapid rupture region for all samples and some brittle fracture features were observed only on the surface of the aged sample under high strain amplitude. The difference in the fatigue fracture morphology caused by thermal aging and strain amplitude mainly occurred in the crack growth region. The morphologies of fatigue crack growth regions in the unaged and aged CDSS under 0.2 and 0.6% strain amplitudes are shown in Figure 4 . Both the ferritic and austenitic phases displayed fatigue fringes on the fatigue fracture surfaces of the fatigue crack growth regions in unaged CDSS under a strain amplitude of 0.2%, and the two phases could not be distinguished from each other. When the strain amplitude increased to 0.6%, the fatigue fringe spacing of the unaged CDSS significantly broadens. The fatigue fracture morphologies of CDSS after thermal aging for 10,000 h were significantly different from the unaged. The ferritic and austenitic phases on the fatigue fracture surface display different characteristics, and the fatigue fringes mainly appear in austenite. The fatigue fringes in the austenite of the aged CDSS under 0.6% strain amplitude were denser than those in the unaged material. Brittle cleavage characteristics and micro-cracks in ferrite were observed on the fracture surface of the aged CDSS under 0.6% strain amplitude. The micro-cracks in ferrite of the aged CDSS led to a significant decrease in fatigue life.
In order to investigate the deformation mechanism in the unaged and aged CDSS during cyclic loading under different strain amplitudes, the deformed microstructures were observed in TEM. A TEM sample was cut from the fatigue fracture surface of the unaged and aged CDSS under a strain amplitude of 0.3% and 0.6%. Our previous studies have shown that the mechanical property degradation of CDSS induced by thermal aging is mainly caused by the hardening and embrittlement in ferrite [17, 18] . Thus, the observation of the deformed structures of the fatigued samples is focused In order to investigate the deformation mechanism in the unaged and aged CDSS during cyclic loading under different strain amplitudes, the deformed microstructures were observed in TEM. A TEM sample was cut from the fatigue fracture surface of the unaged and aged CDSS under a strain amplitude of 0.3% and 0.6%. Our previous studies have shown that the mechanical property degradation of CDSS induced by thermal aging is mainly caused by the hardening and embrittlement in ferrite [17, 18] . Thus, the observation of the deformed structures of the fatigued samples is focused on the dislocation structures in ferrite. Figure 5a -d displays the TEM images of ferrite in the fatigued specimen of the unaged and aged under strain amplitude of 0.3% and 0.6%.
Under low strain amplitudes, the dislocation structure in ferrite of the unaged material is dominated by dislocation lines. In contrast, the dislocation density in the aged material is extremely low, and the mottled structure caused by spinodal decomposition can be observed. This indicated that a very low degree of plastic deformation occurs in ferrite of the aged material under low strain amplitudes. When the strain amplitude increased to 0.6%, the dislocation structures in the ferrite phase of the unaged and aged materials changed significantly. The dislocation density in ferrite of the unaged material was much higher than that under low strain amplitude. The vein dislocation structures formed in ferrite of the aged material under high strain amplitude, indicating that the ferrite phase underwent severe plastic deformation.
The high resolution transmission electron microscopy (HRTEM) image of ferrite in the fatigued aged specimen under 0.6% strain amplitude showed the lattice distortion (Figure 5e ), which is similar to the deformed microstructures of the aged CDSS after tensile deformation reported in our previous investigation [25] . Figure 5f shows the corresponding orientation distribution of the HRTEM image, indicating that ferrite in the aged CDSS was divided into nanoscale regions with different orientations after deformation. These regions have a similar dimension as the Cr-enriched and Cr-depleted domains in ferrite induced by spinodal decomposition during thermal aging.
After thermal aging, the ferritic phase spinodally decomposed into Cr-enriched and Cr-depleted domains, which caused hardening and embrittlement in the ferrite. Severe plastic deformation in ferrite of the aged CDSS during cyclic loading under high strain amplitude caused the cleavage Under low strain amplitudes, the dislocation structure in ferrite of the unaged material is dominated by dislocation lines. In contrast, the dislocation density in the aged material is extremely low, and the mottled structure caused by spinodal decomposition can be observed. This indicated that a very low degree of plastic deformation occurs in ferrite of the aged material under low strain amplitudes. When the strain amplitude increased to 0.6%, the dislocation structures in the ferrite phase of the unaged and aged materials changed significantly. The dislocation density in ferrite of the unaged material was much higher than that under low strain amplitude. The vein dislocation structures formed in ferrite of the aged material under high strain amplitude, indicating that the ferrite phase underwent severe plastic deformation.
After thermal aging, the ferritic phase spinodally decomposed into Cr-enriched and Cr-depleted domains, which caused hardening and embrittlement in the ferrite. Severe plastic deformation in ferrite of the aged CDSS during cyclic loading under high strain amplitude caused the cleavage cracking in the hardened ferrite phases. The premature failure of ferrite in the aged CDSS accelerated the propagation of fatigue crack and thus shortens the LCF life.
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Conclusions
In this study, the effects of thermal aging on the low cycle fatigue behaviors of cast duplex stainless steels were investigated. The effect of thermal aging on the fatigue life was closely related to the strain amplitude: An increase with increasing aging time at low strain amplitudes while declining at high strain amplitude. The fatigue fracture morphologies of CDSS changed from fatigue fringes in both ferrite and austenite to fatigue fringes in austenite and cleavage cracks in ferrite. Under the cyclic loading of the high strain amplitude, severe plastic deformation in ferrite of the aged CDSS 
In this study, the effects of thermal aging on the low cycle fatigue behaviors of cast duplex stainless steels were investigated. The effect of thermal aging on the fatigue life was closely related to the strain amplitude: An increase with increasing aging time at low strain amplitudes while declining at high strain amplitude. The fatigue fracture morphologies of CDSS changed from fatigue fringes in both ferrite and austenite to fatigue fringes in austenite and cleavage cracks in ferrite. Under the cyclic loading of the high strain amplitude, severe plastic deformation in ferrite of the aged CDSS led to the cleavage cracking in the hardened ferrite phases, which accelerated the propagation of fatigue crack and shortened the fatigue life.
